Introduction
The interaction of alkanethiols (CH 3 (CH 2 ) n-1 SH) with noble metal surfaces, Au, Ag and Cu, and particularly with Au(111), has attracted very considerable interest, being an archetypal self-assembled monolayer (SAM) system with a wide range of actual and potential applications (e.g. [1, 2, 3, 4] ). Despite this, our current state of understanding of the structure of the interface between the metal surface and the S head-group is poor, even in the much-studied case of the Au(111) substrate. The simplest alkanethiol is methanethiol, CH 3 SH, and although the absence of a long alkane chain must clearly influence the intermolecular interactions within the adsorbed layers, this species is the most tractable for ab initio total energy calculations. Like the longer-chain alkanethiols, methanethiol deprotonates on these surfaces to form an adsorbed methylthiolate (CH 3 S-) species; this same surface species can also be formed be exposure to dimethyldisulphide -DMS -(CH 3 S) 2 -through S-S bond scission at the surface. In part because of the relative simplicity of dealing with methanethiolate theoretically, and in part because UHV (ultra-high vacuum) dosing of DMS or methanethiol is straightforward, this species has been subjected to the largest number of structural studies.
On Cu(111), methylthiolate is known to induce a major reconstruction of the outermost metal layer [5, 6, 7] . On Au(111) it has generally been supposed that no such reconstruction occurs, and that the ordered (3x3)R30 phase formed is a simple overlayer. However, fundamental inconsistencies between the preferred adsorption site found in theoretical calculations for this phase (hollow or bridge) with those found experimentally using two entirely different structural techniques (photoelectron diffraction [8] and NIXSW (normal incidence X-ray standing waves) [9] ) (atop) has led to the suggestion that the Au(111) surface may also be reconstructed by the adsorbed thiolate [9] , leading to a surface structure untested by theoretical calculations.
On Ag(111), methylthiolate forms a (7x7)R19-CH 3 S surface phase which, like the alkylthiolate SAMs on Au(111), seems to have been implicitly supposed to correspond to a simple adsorbed overlayer on an unreconstructed surface. Indeed, the only theoretical total energy calculations of the Ag(111)/CHS 3 S system assumes the surface is unreconstructed and fail to consider the coadsorbed multiple site occupation implied by the (√7x√7) adsorption phase [10, 11] . However, in this case recent scanning tunnelling microscopy (STM) [12] and NIXSW [13] studies have provided indirect evidence that, like Cu(111), this surface is also strongly reconstructed. The favoured structural model has an outermost Ag layer containing only 3/7 the coverage of Ag atoms of the underlying bulk layers. The STM imaging showed evidence of substantial movement of Ag surface atoms, and probable ejection of Ag atoms from the outermost layers during the thiol reaction, consistent with a density-lowering Ag surface reconstruction. STM also provided atomic-scale images interpreted in terms of three thiolate species per (7x7) surface mesh. The NIXSW measurements provided information on the location of the S atoms relative to the extended underlying Ag bulk lattice that were shown to be incompatible with adsorption on an unreconstructed surface, and consistent with a specific model of the reconstruction, but gave no direct information on the location of the Ag atoms.
To provide more direct evidence of the Ag(111) surface layer reconstruction induced by methylthiolate adsorption, we present here the results of an investigation using medium energy ion scattering (MEIS). The MEIS technique [14] , in which typically 100 keV H + ions are scattered from the surface, is a variant of the standard method of Rutherford backscattering, but the somewhat lower ion energies allow the use of electrostatic dispersive ion energy analysers that have much better energy resolution. As the inelastic energy loss is proportional to the distance travelled by the ions in the solid, this improved energy resolution is translated into improved depth resolution. In the present case, however, we exploit the elastic scattering shadow cones on the incident trajectory to illuminate only a very small number of near-surface atomic layers. A further key aspect of MEIS for our present investigation is the ability to determine in an absolute fashion the number of layers contributing to the scattered signal. In particular, if reconstruction leads to atoms of the substrate species being displaced away from their positions in an ideal bulk-terminated surface, this gives rise to an enhanced scattering signal that can be 4 quantified in terms of the number of such displaced atoms. It is this aspect of MEIS, in particular, that provides the potential to obtain valuable new complementary information regarding the possible thiolate-induced reconstruction of the Ag(111) surface, in the same way that this information was obtained for the quite different thiolate-induced reconstruction of Cu(111) [7] .
Experimental Details
The experiments were performed at the Daresbury Laboratory UK National MEIS facility [15] . The ion accelerator fitted with a duoplasmatron ion source was used in the present experiments to produce a beam of H + ions at a nominal energy of 100 keV. The endstation comprises separate UHV chambers for sample preparation and characterisation, for sample storage, and for the ion scattering experiments, with sample transfer between chambers being achieved under UHV conditions. The Ag(111) sample was prepared in situ by the usual cycles of 1 keV argon ion bombardment and annealing (550C, 15 minutes) until a well-ordered clean surface was obtained as judged by a sharp (1x1) low energy electron diffraction (LEED) pattern and Auger electron spectroscopy. The methanethiolate adsorbate layer was prepared by exposing the surface to typical partial pressures of 10 -8 -10 -7 mbar of dimethyldisuphide (CH 3 S-SCH 3 ) at room temperature, introduced into the preparation chamber through a leak valve from a glass ampoule, first subjected to several freeze-thaw pumping cycles. An exposure of 6x10 -6 mbar.s appeared to be sufficient to achieve saturation coverage, but MEIS measurements were also taken after exposures an order of magnitude larger with no significant difference in the resulting coverage. LEED showed the formation of the expected (7x7)R19 pattern, although in view of the known susceptibility of this surface to radiation damage, the conditions to obtain the ordered overlayer phase were first conducted with the aid of LEED, but thereafter LEED patterns were recorded from samples only after MEIS data collection.
MEIS measurements were performed with the sample at room temperature. The sample was aligned with respect to the incoming ion beam by means of a high-precision . Data collected with total charge input of 2.5 C and 5.0 C differed only in the level of statistical noise, indicating that there was no detectable ion-induced damage to the sample. Ions scattered from the sample were detected by a moveable toroidal electrostatic analyser, the two-dimensional detector [16] of which provides 'tiles' of ion counts as a function of both ion energy and scattering angle over limited ranges of each.
Additional measurements at slightly different pass energies or angular positions allowed several such tiles to be joined together to provide more extensive two-dimensional energy and angular maps. Subsequent processing allowed integration of the scattered ion intensity over selected ranges of energy or angle to provide either blocking curves or ion energy spectra, respectively. These methods of data reduction have been described elsewhere [15, 17] , although the blocking curves (angular dependence of the Ag surface scattering peak) were extracted by a superior method developed more recently that is based on fitting the surface peak in the scattered ion energy spectrum, at each scattered angle channel, to an asymmetric Gaussian and a background [7] .
An important aspect of the present study was to have a reliable calibration of the absolute scattering yield from the surface, and to achieve this measurements were made on a reference sample of Cu shallowly implanted in Si to a known concentration (3.12x10 15 atoms.cm -2 with a precision of ±3%), established independently by conventional Rutherford backscattering. An implicit assumption in using this reference sample is that the scattered ion charge fraction (known to be very high in general for 100 keV H + scattering) is essentially identical for the reference and Ag(111) surface samples. for the outermost and second surface layers were found to be 0.16 Å and 0.14 Å respectively, in broad agreement with expectations. We should note that the absolute scattering yields are also dependent on the crystalline quality of the near-surface region.
Experimental results and theoretical simulations
In our first experiments on a new Ag(111) sample, prepared by the usual combination spark-machining, mechanical polishing, and subsequent argon ion bombardment and annealing in the UHV chamber, we found significantly higher average scattering yields that led to an inconsistency between the calibrations based on the reference sample and on the VEGAS simulations of the Ag blocking curves. The data shown here are from a sample that had gone through many more argon ion bombardment and annealing cycles over several months of use in other thiol and sulphur dosing experiments, a process that evidently removed the subsurface region damaged in the mechanical cutting and polishing process, leading to good agreement for the alternative means of calibration. significantly from their bulk positions as a result of the formation of the thiolate layer. In order to quantify this effect further, however, it is necessary to explore specific structural models. Fig. 2 shows models of the surface considered in earlier studies, notably in (a) the basic model without Ag(111) surface layer reconstruction and in (b) two alternative reconstructed surface models [12, 13] . In each case the coverage of the thiolate is 8 believed to be 3/7 ML, or three thiolate species per (7x7) unit mesh, consistent with the (7/3) periodicity of the protrusions seen in STM. In the absence of any Ag surface reconstruction ( fig. 2(a) ) this periodicity is consistent with the three thiolate species within the unit mesh occupying the two inequivalent hollow sites ('fcc' directly above a third layer Ag atom and 'hcp' above a second layer Ag atom) and atop sites, but such a model implies a large height variation of the thiolate species in the atop and hollow sites, a feature apparently inconsistent with both the STM and NIXSW data. unreconstructed Ag layer to be displaced outwards from the surface relative to the thiolates above the substrate hollow sites, leading to a rumpling of the thiolate layer of ~0.4 Å. This amplitude of rumpling was proposed to give the best fit to the NIXSW data [13] . Note that one feature of this model is that all the thiolate species occupy three-fold coordinated hollow sites relative to the reconstructed Ag surface layer. In conducting these simulations it is necessary, once again, to establish the appropriate vibrational amplitudes. In particular, because the outermost unreconstructed Ag layer is no longer the surface layer, the vibrational amplitudes for this layer were set to the bulk values. This same procedure was found to be consistent with MEIS results for the thiolate-induced reconstruction of the Cu(111) surface [7] . Fortunately, the value of the vibrational amplitudes for the Ag atoms in the reconstructed layer (which are completely unknown), prove to be unimportant; because these atoms are well-removed from bulk positions, they cause rather little shadowing or blocking of scattering from lower layers, and this is insensitive to the vibrational amplitudes. One consequence of this modification of the surface layer vibrations is that the effect of adding 3/7 ML or 4/7 ML of displaced While the reconstructed Ag layer atoms are well-removed from high-symmetry sites, and thus have little influence in shadowing or blocking the substrate scattering, the S atoms are in high-symmetry sites and so can have a significant effect.
To illustrate this more clearly we have evaluated the contributions in the VEGAS simulations to this blocking curve from the individual Ag atomic layers. These individual layer contributions are expressed in terms of layer-dependent hitting probabilities, the sum of these hitting probabilities for the various layers being the total number of contributing layers, the quantity plotted in figs 1 and 3. Notice that the VEGAS program determines the scattered ion signal by determining the product of the probability that a specific atom will be hit by the incoming ions and the probability that the same atom would be hit if the ions entered along the direction of the measured outgoing scattered ions. This simple use of time-reversal symmetry leads to the vocabulary 'hitting probability', although bearing in mind that the second of these hitting probabilities is actually evaluating the effect of outgoing ion blocking, this product should perhaps more 11 appropriately be referred to as 'visibility probability' or 'scattering probability'. 
General discussion and conclusions
The theory-experiment blocking curve comparisons of fig. 1 clearly show that the formation of Ag(111)(7x7)R19-CH 3 S surface phase is accompanied by significant rearrangement of the Ag surface atoms, and indeed that the number of displaced Ag atoms is in quite good agreement with the expectations for the 3/7 ML Ag reconstruction model and in poor agreement with the model based on 4/7 ML of displaced Ag atoms.
The more detailed analysis of the blocking curve recorded with [ ] 110 incidence, that is seen to be most sensitive to the details of the structural model, is also found to favour somewhat weaker rumpling of the thiolate layer than had previously been suggested on the basis of, in particular, the earlier NIXSW experiments.
Two key questions remain, namely, why are the theoretical simulations for the [ ] 110
incidence data rather consistently about 0.1 layers higher in yield than the experimental ones, and can we reconcile the apparent preference for relatively weak corrugation of the 13 thiolate layer with the results of the earlier STM and NIXSW experiments?
Evidently the first of these questions raises the issue of the precision of the absolute yield measurements. As remarked above, MEIS yields are typically regarded as accurate to about 10%, significantly larger than the discrepancy here which is approximately 5%.
However, one would expect the relative yields of the clean and reconstructed Ag surfaces to be reliable to substantially better than 10%, so the discrepancy does appear to be X-ray diffraction and specific heat measurements) does vary, and in MEIS studies of
Cu (111) and Ni(111), Kido and co-workers [20] have shown that the different tabulated Debye temperatures do lead to significant variations in the predicted ion yield. For Ag original measurements of the Debye temperature do show some variation, with some quoted values being both lower (e.g. [21] ) and (slightly) higher (e.g. [22, 23] ) than the standard text-book value used here of 225 K [24] . For our present study we note that larger surface vibrational amplitudes of the clean surface, or smaller bulk vibrational 14 amplitudes would bring the theoretical yields of the clean and thiolate-covered surfaces closer together, thus reducing the observed discrepancy with experiment. The relative size of the surface and bulk vibrations found in our clean-surface fitting routine is at the upper end of the expected range, so larger values seem unlikely. The highest published values of the bulk Debye temperature are only slightly larger than the value we have used to determine the bulk vibrational amplitudes, so it seems unlikely that an error in this parameter is the source of the discrepancy. On the other hand, one factor that is not included in our calculations is the influence of correlations in the vibrations of nearestneighbour atoms (see, e.g [20] ). Including this effect in the scattering from the reconstructed surface would enhance the shadowing of the sub-surface layers and thus lead to a reduced scattering yield; it is therefore possible that this omission could account for the discrepancy in absolute scattering yield from the reconstructed surface. 
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The second piece of evidence favouring a rumpled thiolate layer comes from the NIXSW experiments [13] . In this case the key parameters indicating rumpling are the so-called coherent fraction values for the different standing wave conditions. For the 'simple' 3/7 ML Ag reconstruction model, with coplanar thiolate species, one expects the coherent fraction for the (111) standing waves, in this case effectively an order parameter, to be close to unity ('perfect order' perpendicular to the surface), while the equivalent parameter for standing wave nodal planes not parallel to the surface should be identically zero. Experimentally, the (111) coherent fraction was found to be 0.72, while the values for the other standing wave conditions were small (~0.10) but apparently non-zero. A rumpling amplitude of ~0.4 Å was found to give a somewhat better account of the measured coherent fractions. However, if the reduced (111) coherent fraction is due, in part, to some form of disorder, the NIXSW data could also be consistent with a much smaller (possibly even zero) rumpling amplitude.
In conclusion, the present MEIS experiments provide the first direct evidence that the Ag(111)(7x7)R19-CH 3 S surface phase does involve substantial reconstruction of the Ag surface layer, and is generally good agreement with a specific model based on a reconstructed layer containing 3/7 ML Ag atoms, clearly favouring this over an alternative model based on a 4/7 ML reconstructed Ag layer. In general this conclusion is in excellent agreement with previous reports of this reconstruction based on STM and NIXSW experiments. However, the MEIS data indicate that any rumpling of the thiolate layer, previously proposed on the basis of these earlier studies, is small,and probably 0.2 Å. While smaller than the amplitude suggested in these earlier studies, such a value could be entirely consistent with the experimental results of these STM and NIXSW studies. 
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